When a single muscle fiber is exposed to a solution with a high potassium concentration, the membrane is immediately depolarized along the whole fiber length, and tension develops rapidly (1). After reaching a peak value, tension is maintained for several seconds, so that the contracture presents a plateau, and then the fiber relaxes spontaneously in an approximately exponential way.
When a single muscle fiber is exposed to a solution with a high potassium concentration, the membrane is immediately depolarized along the whole fiber length, and tension develops rapidly (1) . After reaching a peak value, tension is maintained for several seconds, so that the contracture presents a plateau, and then the fiber relaxes spontaneously in an approximately exponential way.
Hodgkin and Horowicz (1) have described the relationship that links the depolarization of the membrane, caused by the raised potassium concentration, with the tension developed during the contracture. They also found that the relaxation rate is dependent on the membrane depolarization. To explain the time course of the contracture, they assumed that the membrane depolarization, beyond a certain threshold value, initiated two processes: the first, immediate, responsible for the activation of the contractile material, and the second, delayed, responsible for the relaxation of the fibers. The first process is probably associated with the liberation of calcium ions from elements of the sarcoplasmic reticulum , and the second process with the disappearance of this extra calcium from the myoplasm, presumably by a mechanism of active reaccumulation by the reticulum (5, 6) .
Numerous authors (7) (8) (9) have found that the external calcium concentration is an important factor in the regulation of the relationship between the membrane potential and the contractile activity. This effect could be caused either by changes in the cellular calcium concentration, or by changes occurring at the level of the membrane.
It is known that prolonged immersion of frog skeletal muscle in calcium-free solutions results in depolarization of the membranes (7, 8, (10) (11) (12) and loss of the contractile response (10, 11, 13, 14) . However, after short exposure to calcium-free media, the membrane depolarization amounts to only approximately 10 mv (7, 8) , and in this case the contractile response persists (7, 8, 15) . Furthermore, under these conditions a lowering of the contractile threshold is obtained, which results in potentiation of both the twitch and the potassium contracture tension (8) . Although the process responsible for tension development is not adversely affected in these conditions, the characteristic plateau of the contracture disappears, and the relaxation rate is increased (8, 15) . The sudden readmission of calcium into the external medium immediately before a contracture can restore the normal relaxation rate, and to a certain extent CARLO CAPD'TO Gakium in Exdtation-Contraaion Coupling I 8 I S the original plateau (8) . These findings are consistent with the results of Foulks and Perry (16) , who showed that raising the external calcium concentration during the contracmre resulted in a slower relaxation rate. These authors interpreted their findings by assuming that the relaxation rate is controlled by some process originated at the level of the membrane. Alternatively, their results could also be explained by assuming that changes in the active reaccumulation of calcium, or changes in the internal free calcium concentration, caused by the extracellular calcium variations affect the relaxation phase; in fact, it is known that during a potassium contracture there is an increased influx of calcium from the external medium (17) . Some years ago, Frank (18) showed that a number of divalent cations, especially strontium ions, could restore the potassium contracture of whole frog muscle, after it had been abolished by calcium deprivation. Fig. 1 shows a similar experiment, carried out with a single fiber from Leptodactylus insularis. The dissection procedure and the other experimental details were similar to those previously described (8, 19) . Fig. 1 a shows a contracture obtained by exposing the fiber to a concentration of 120 mM potassium. Fig. 1 b shows a contraeture obtained after 15 see exposure to a calciumfree solution. It may be observed that the contracture plateau has been lost and that the relaxation phase is faster than in A. Finally, record C shows a contracture obtained after 15 see exposure to a solution in which calcium was replaced by strontium on an equimolar basis. It is clear that, although the contracture plateau is much smaller than in A, the relaxation rate is similar.
Recently, Edwards and his colleagues (20) 
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could be good substitutes for calcium ions in a number of functions related to mechanical activation, contraction, and relaxation. Thus, in this case, it is quite possible that the slower relaxation rate observed when strontium replaces calcium could be due to strontium ions entering the fiber during the contracture and there playing the calcium role. However, there is also the possibility that strontium ions substitute for calcium ions at the level of the membrane, and by maintaining some of the properties of the membrane affect the time course of the contracture. In fact, some years ago Jenden and Reger (10) mentioned that strontium could prevent the depolarization caused by calcium lack in frog muscle fibers. Fig. 2 shows an experiment which confirms this fact. Fig. 2 a shows the depolarization caused by sudden calcium deprivation in the membrane of a single fiber from L. insularis. It should be observed that depolarization in this type of fiber proceeds more slowly than in the case of fibers from Rana pipiens (8) . Fig. 2 b shows that, when the same fiber was exposed to a solution prepared with no calcium but with 1.8 mM of strontium, the depolarization is much smaller. fibers so tested, the mean depolarization obtained in the medium prepared without calcium and strontium was 8 my, and that obtained in the medium prepared without calcium, but with strontium, was 2 my. Besides preventing in part the depolarization caused by calcium lack, strontium ions appear to avoid the lowering (12) of the electrical resistance which occurs in calciumfree media. This may be seen in Fig. 3 . In the experiment shown, the potential changes caused by passing inward and outward currents of different intensities through the membrane of a single fiber from L. insularis were measured. The two microelectrodes used, the one for passing current and the other for measuring the potential changes, were separated by a distance of less than 100 t~. The slopes of the two lines represent the input resistance of the fiber membrane when 1.8 rnM of calcium or strontium are present or absent in the extenal medium. When either calcium or strontium ions are present, the membrane input resistance value is 32 kf~; when neither calcium nor strontium ions are present, the value is 10 kf/. These experiments were repeated with two other fibers with essentially the same resuits.
It is then possible that the time course of the potassium contractures may be influenced by substituting strontium for calcium at the level of the membrane. However, to obtain definite evidence in favor of this possibility it is necessary to use some agent that would substitute for calcium only at the level of the fiber membrane without entering the cell.
Recent unpublished work from this laboratory x has shown that the depolarization caused by calcium lack can be either increased or decreased by respectively raising or lowering the p H of the external medium. Some of the results obtained are shown schematically in Fig. 4 . These experiments were performed using whole sartorius muscles of Rana pipiens. The same results were obtained with muscles of L. insularis. Control experiments performed with single fibers gave basically the same results. The two sartorii of each animal were used, one to measure the depolarization caused by calcium lack at normal p H and the other at the acid or alkaline pH. From these resuits it is clear that acid p H diminishes and alkaline p H increases the depolarization caused by calcium lack. Preliminary experiments have shown that the increased input resistance value caused by the acid medium (20) is not diminished when calcium ions are withdrawn from the external medium. A detailed account of these experiments is now in preparation for publication. Considering these results, it seemed possible to study the effect of calcium deprivation on potassium contractures, with the fiber membrane potential set at different values by changing the pH.
The changes in external pH should not modify the internal pH, since phosphate buffer was used in the external medium. Fig. 5 shows the effect of an alkaline pH on the potassium contractures of a single fiber of R. pipiens in the presence and absence of external calcium. Fig. 5 a shows a normal contracture. Fig. 5 b shows a contracture obtained at alkaline pH. In this case the p H was changed at the time of exposure of the fiber to the high-potassium, contracture-inducing solution. It may be observed that under these conditions the contracture shape is not greatly modified. Fig. 5 c shows a contracture obtained by exposing the fiber to an alkaline, calcium-free, highpotassium solution. It is clear that under such conditions the ability of the fiber to develop tension in response to raised external potassium is greatly impaired. This effect is possibly associated with the greater depolarization produced by calcium lack in alkaline media. Fig. 6 shows an experiment in which the combined effects of acid pH and calcium lack on potassium contractures were studied. As in the preceding experiment, the instantaneous effects of p H changes were studied. This was particularly necessary in this case since, as Lorkovic (22) has recently shown, acid p H per se has a deleterious effect on the fiber contractile properties. At short times, however, this effect, although present, is not fully developed. Fig. 6 a shows a normal contracture. Fig. 6 b shows a contracture obtained in a calcium-free medium. There is a clear difference in the relaxation rates of the contractures in a and b. T h e half relaxation time, that is, the time necessary for the contracture tension to fall to half of its peak value, is 8 sec for a and 4 sec for b. Fig. 6 c shows a contracture obtained in the acid medium. It is evidently different from the contracture in a; however, it can be utilized for comparison with the contracture shown in d. I n this case the contracture was obtained in an acid, calcium-free medium. The half relaxation time for the contractures in both ¢ and d is 6 sec. In this case no allowance was made for the fact that the peak tension in d is less than that in c. However, it is clear that in the acid medium, calcium lack does not cause an increase in the rate of relaxation as occurs at normal pH. Similar results were obtained with three other fibers. It appears from these experiments that the increase in the relaxation rate of potassium contractures occurring after calcium deprivation m a y be avoided by lowering the p H of the medium. This finding provides further evidence for the hypothesis (l, 16) according to which the relaxation rate is controlled by some process which is membrane dependent. The mechanism by which the membrane regulates the steps of the excitation--contraction couplings is not yet understood. Lfittgau (7) has compared the system that regulates contractile activity in muscle fibers with the membrane-dependent system that regulates sodium conductance in squid axons (23) . It is interesting to observe that some other membrane properties, besides the value of the potential, could be important in controlling the reactions involved in excitation-contraction coupling. In fact, it is believed (2) that the transverse tubule system is responsible for carrying inward the appropriate message to induce calcium release from the reticulum elements, probably by a mechanism of passive electric conduction along the cable-like structure of the tubules. If this view is correct, a fall in the electric resistance of the tubule membrane, such as could be caused by calcium deprivation (12) , would also affect such an electrotonic mechanism in the coupling.
With regard to the present experiments, owing to the fact that acid pH, per se, impairs the contractile mechanism, it is not possible to study the long-term effects of calcium deprivation in acid media on the reactions involved in the coupling. However, it has recendy been shown (24) that nickel ions are good substitutes for calcium in the reactions of the coupling occurring at membrane level. It would be convenient therefore to use nickel ions in future studies to explain the mechanism by which the membrane controls both tension development and relaxation.
